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(54) Raman amplified optical transmission system with reduction of four wave mixing effect 



(57) A transmission fiber for use in a Raman ampli- 
fied optical communication system is formed to exhibit 
certain characteristics that limit modulation instability 
and four-wave mixing in the amplification region, thus 
reducing the noise component present in the transmis- 
sion system. In particular, the group-velocity dispersion 
(denoted as D and measured in terms of ps/nm-km) is 
restricted to be either non-positive or greater than 



+ 1 .5ps/nm-km in the pump wavelength range of interest 
(a typical pump wavelength range being 1430-1465nm), 
Preferably, the magnitude of the dispersion is kept be- 
low a value of 10 ps/nm-km in the signal wavelength 
range of interest (e;g., the "C" band or "L" band). Four- 
wave mixing is reduced by ensuring that the zero-dis- 
persion frequency of the transmission fiber is not cen- 
tered between the pump frequency and a frequency ex- 
periencing Raman gain. 
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Description 

Cross Reference to Related Application 

[0001] This application claims the benefit of Provisional Application No. 60/186/793, filed March 3, 2000. 
Technical Field 

[0002] The present invention relates to a Raman amplified optical system and, more particularly to the utilization of 
a transmission fiber having predetermined dispersion characteristics so as to reduce the presence of modulation in- 
stability and four-wave mixing effects. 

Background of the Invention 



[0003] The subject of Raman amplification is well known in the literature. Stimulated Raman amplification is a non- 
linear optical process in which an intense pump wave is injected into an optical fiber that is carrying one or more optical 
signals. In fused silica fibers, if the pump wavelength is approximately 100nm shorter than the signal wavelength in 
the vicinity of 1500 nm, the pump will amplify the signal(s) via stimulated Raman scattering. If the amplification is made 
to occur in the transmission fiber itself, the amplifier is referred to as a "distributed" amplifier. Such distributed ampli- 
fication has been found to improve the performance of a communication system, as discussed in the article "Capacity 
upgrades of transmission systems by Raman amplification", P.B. Hansen et al, appearing in IEEE Phot. Tech. Lett. . 
Vol. 9, 1997, at page 262. For example, if a pump wave is injected into one end of the fiber in a direction counter- 
propagating with respect to the information signals, the signals will be amplified before their signal-to-noise ratio de- 
grades to an unacceptable level. The performance of such an amplifier is often characterized in terms of its effective 
25 or equivalent noise figure 

and its on/off gain. The effective noise figure is defined as the noise figure that an equivalent post-amplifier would have 
in order to achieve the same noise performance as the distributed Raman amplifier (see, for example, "Rayleigh scat- 
tering limitations in distributed Raman pre-amplifiers", by P.B. Hansen et a!., IEEE Phot. Tech. Lett. , Vol. 10, 1998 at 
/ page 159). Experimentally, the effective noise figure may be found by measuring the noise figure of a span utilizing 
30 I counter-propagating Raman amplification and then subtracting (in decibels) the passive loss of the span. The on/off 
I gain of a distributed Raman amplifier is defined as the difference (in decibels) between the output signal power with 
J the Raman pump "on" to that with the pump "off. 
[0004] The concepts of group velocity and group-velocity dispersion are well known in the field of fiber optics. Group 
velocity is defined as the velocity at which an optical pulse will travel, while group-velocity dispersion is defined as the 
35 change in group velocity as a function of wavelength. The group-velocity dispersion, D, is often characterized in terms 
of ps/nm-km. In these terms, therefore, if light is traveling in an optical waveguide (such as an optical fiber), the group- 
velocity dispersion depends not only on the materials from which the waveguide is fabricated, but also on the specific 
design of the index structure used to guide the light. The latter contribution, known as waveguide dispersion, can be 
used to significantly alter the dispersion characteristics of optical fibers. A complete discussion of this topid can be 
40 found in Fiber-Optic Communication Systems, Agrawal, John Wiley & Sons, Inc., 1992, at Chapter 2. 

[0005] The dispersion characteristics of an optical fiber are often be characterized by its zero-dispersion wavelength 
(ZDW) - the wavelength at which the group velocity dispersion is zero, and its dispersion slope - the change in group 
velocity dispersion as a function of wavelength. For example, standard single-mode optical fiber (SSMF) has a disper- 
sion that is dominated by the material dispersion of the fused silica and therefore has a ZDW of approximately 1 300nm 
45 and a dispersion slope of 0.07ps/nm2-km. 

[0006] It is also well known that the effects of group velocity dispersion can be deleterious to the performance of 
optical communication systems, particularly those employing Raman amplification. For example, in a communication 
system employing on/off keying, group-velocity dispersion may cause pulses to broaden, extending pulses into their 
neighboring bit slots and thus introducing errors into the transmitted information signal. Although this effect can be 
50 ameliorated by the inclusion of dispersion-compensating devices located periodically throughout the communication 
system (but at an additional expense) it is advantageous to keep the dispersion of the transmission fiber below 10 ps/ 
nm-km. 

[0007] Another property of an optical fiber in an optical transmission system which must be controlled is the effective 
area at the signal wavelengths (see Nonlinear Fiber Optics, Agrawal, Academic Press, 1995, second edition, pg. 43 
55 Eq. 2.3.29 for more of a description of "effective area"). If the effective area is increased, then the distributed Raman 
amplification in the fiber becomes less efficient. However, if the effective area of the fiber becomes too small, then 
other nonlinear optical effects become larger and degrade the performance of the optical transmission system. There- 
fore, the transmission fiber must have an effective area that balances the efficiency of the distributed Raman amplifi- 
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cation and the degradation of the system from other nonlinear effects. 

[0008] In the early 1990's, experiments were performed on the transmission of information on multiple wavelengths 
within a single optical fiber. It was found that a nonlinear optical interaction known as "four-wave mixing" (FWM) (also 
referred to in the art as four-photon mixing) could limit the performance of the communication system. In FWM, three 
frequencies, denoted v |f Vj and v k (v k * v jf Vj), interact through the fiber nonlinearity to generate a new frequency, Vy k 
= Vj + Vj - v k . Since Raman amplified systems utilize an information signal propagating at the signal wavelength, and 
separate strong pump signals (comprised of multimode pump lasers or several single mode pump lasers) at different 
pump wavelengths, FWM can occur. The concept of four-wave mixing is well known in the literature, and is discussed 
in detail in the reference Optica! Fiber Communications, ill A, Kaminow and Koch, Academic Press, San Diego, 1997, 
at chapter 8. It is known that the strength of four-wave mixing can be significantly decreased by increasing the fiber 
dispersion at the mixing wavelengths. A new class of optical fibers, known as non-zero dispersion-shifted fibers (NZ- 
DSF) and disclosed in US Patent 5,327,516 issued to A.R. Chraplyvy et a!., shift the 2DW of the fibers away from 
1550nm to slightly higher or lower wavelengths, thus adding a small qmount of dispersion at those wavelengths. How- 
ever, current types of NZ-DSF have dispersion zeroes in the wavelength range of 1480 - 1510 nm. 
[0009] Another nonlinear optical process well known in the prior art is modulation instability. In this nonlinear optical 
process, the nonlinear refractive index serves to phase match a four-wave mixing process that would otherwise have 
been phase mismatched. The result is the generation of sidebands about the injected wavelength for small, positive 
values of group-velocity dispersion (D), where the frequency offset of the sidebands increases with decreasing disper- 
sion. 

[0010] Since it will be desirable, in future systems, to use a relatively high power Raman source, as well as multiple 
Raman pump sources, it is necessary to develop an arrangement for avoiding the effects of modulation instability and 
four-wave mixing in a Raman amplified optical transmission system. 

Summary of the Invention 

[0011] The need remaining in the prior art is addressed by the present invention, which relates to a Raman amplified 
optical system and, more particularly, to a Raman amplified optical system using a transmission fiber having predeter- 
mined dispersion characteristics so as to reduce the presence of modulation instability and four-wave mixing effects. 
[0012] In accordance with the present invention, a Raman amplified optical system is formed to include a transmission 
fiber defined by a pre-determined set of constraints so as to limit the above-described effects. In particular, a trans- 
mission fiber of the present invention is designed to limit modulation instability by exhibiting either a non-positive dis- 
persion or a dispersion greater than +1 .5ps/nm-km at any desired pump wavelength, while also exhibiting a dispersion 
with a magnitude less than 10ps/nm-km at a signal wavelength. It is has been found that by carefully controlling the 
dispersion (D) to remain in these regions, any continuum (i.e., sidebands) generated by the pump will remain relatively 
narrow and away from regions of large Raman amplification. Thus, any noise components associated with this con- 
tinuum will be minimal. 

[0013] Additionally, and further in accordance with the present invention, the presence of four-wave mixing (FWM) 
is reduced by ensuring that the zero-dispersion wavelength (ZDW) of the transmission fiber is not centered between 
the pump wavelength and any signal wavelength experiencing large Raman gain. It has been found that if the ZDW 
is approximately the average of these two wavelength values, the dispersion of the fiber will allow phase matching of 
FWM components having frequencies within the signal band, allowing these FWM noise components to be amplified 
and reducing the quality of the transmitted signal. 

[0014] Other and further characteristics of a Raman amplifier transmission fiber and communication system formed 
in accordance with the present invention will be apparent during the course of the following discussion and by reference 
to the accompanying drawings. 

Brief Description of the Drawings 

[0015] Referring now to the drawings, 

FIG. 1 is a schematic illustration of the generation of noise components in a distributed Raman amplified commu- 
nication system, using a counter-propagating pump geometry; 

FIG. 2 is a schematic illustration of an experimental arrangement used to evaluate the performance of distributed 
Raman amplifiers for various types of transmission fibers; 

FIGs. 3, 6, 9, 12, 15 and 18 contain plots of the on/off Raman gain spectra, as measured with the arrangement of 
FIG. 2, for a range of input pump powers and for transmission fibers with nominal average zero-dispersion wave- 
length (ZDW) of 1600, 1500, 1470, 1428, 1408 and1376 nm, respectively, where the on/off Raman gain is defined 
as the ratio of the output signal power with the pump "on" to that with the pump "off"; 
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FIGs. 4, 7 10, 13, 16 and 19 contain plots of the residua! pump light measured on an optical spectrum analyzer 
for the range of input pump powers and transmission fibers described above; 

FIGs. 5, 8, 11, 14, 17 and 20 illustrates the effective noise figure spectra of the various arrangements described 
above, where the effective noise figure is defined as the measured noise figure (with the amplifier "on") minus the 
passive figure attributed to the fiber itself; 

FIG. 21 is a plot of the difference (in decibels) of the effective noise figures measured on fibers with nominal average 
ZDW of 1500nm (FIG. 8) and 1600nm (FIG. 5), for a range of input pump powers; 

FIG. 22 is a plot of the difference (in decibels) of the effective noise figures measured on fibers with nominal average 
ZDW of 1470nm (FIG. 11) and 1600nm (FIG. 5), for a range of input pump powers; 

FIG. 23 is a plot of the difference (in decibels) of the effective noise figure measured on fibers with nominal average 
ZDW of 1428nm (FIG. 14) and 1600nm (FIG. 5), for a range of input pump powers; 

FIG. 24 is a plot of the difference (in decibels) of the effective noise figure measured on fibers with nominal average 
ZDW of 1408nm (FIG. 17) and 1600nm (FIG. 5), for a range of input pump powers; 

FIG. 25 is a plot of the difference (in decibels) of the effective noise figure measured on fibers with nominal average 
ZDW of 1376nm (FIG. 20) and 1600nm (FIG. 5), for a range of input pump powers; 

FIG. 26 is a plot of the group-velocity dispersion (D) versus wavelength (X), indicating various dispersion regions, 
as a function of wavelength, to be avoided in order to reduce the effects of modulation instability and four-wave 
mixing in accordance with the present invention; and 

FIG. 27 contains a plot of the relationship between the pump and signal frequencies, indicating the particular 
frequencies to be avoided to reduce the effects of modulation instability and four-wave mixing in accordance with 
the present invention. 

Detailed Description 

25 [001 6] FIG. 1 illustrates an exemplary communication system 1 0 utilizing a counter-propagating Raman pump source 
12 to generate distributed Raman amplification within a transmission fiber 14. Under certain conditions as described 
in detail hereinbelow, the presence of an optical wave (denoted n P") from pump 12 in transmission fiber 14 may give 
rise to noise components that are initially co-propagating with the pump and counter-propagating relative to input 
lightwave signals, denoted "I" in FIG. 1 . These components are predominantly generated in the -20km of fiber nearest 

30 pump source 12, that is, when wave P from pump source 12 is most intense. These noise components will then be 
reflected due to Rayleigh backscattering along the entire length of fiber 14. Additionally, discrete reflections will arise 
in the span from various components along the transmission path (e.g., rotary splices). The reflected noise components 
will be amplified by the Raman gain and will exit the system along with the lightwave signals (denoted "O" in FIG. 1), 
potentially degrading the system performance. An input isolator 16 may be used to prevent the unwanted pump energy 

35 from entering the information signal source and, similarly, an output isolator 18 may be used to minimize the amount 
of extraneous pump left in the output. 

[0017] An experimental arrangement 20 used to characterize these noise sources is illustrated in FIG. 2. As shown, 
the output from a broadband source 22 (such as an LED) is injected into one end of a "fiber under test" 24 in order to 
probe the Raman gain and noise figure. From the opposite end of fiber 24, ^ a Raman pump 26 (at a wavelength of 
1450nm) is injected through a wavelength division multiplexer 28 and into the span of "fiber under test" 24 to generate 
the distributed Raman gain. An optical tap 29 and a first optical spectrum analyzer 30 are then used to measure the 
optical spectrum of the residual pump light, Raman amplified spontaneous emission (ASE), and any generated noise 
components exiting the span in the counter-propagating direction, as illustrated in FIG. 2. A second optical spectrum 
analyzer 32 is used to measure the optical spectrum exiting the end of the span under the following three conditions: 
(1) with only broadband LED source 22 "on", (2) with both broadband LED source 22 and Raman pump 26 "on"; and 
(3) with only Raman pump 26 "on". With these measurements as collected by spectrum analyzer 32, the spectra of 
the Raman on/off gain and the effective noise figure spectra can be calculated. Under all cases, the effective noise 
figures are referenced to the point where "fiber under test" 24 is spliced to wavelength division multiplexer 28. In one 
example, the measurements were obtained for peak Raman on/off gains ranging from ~15dB to ~25dB in increments 
of 2dB. 

[0018] FIGs. 3-5 contain plots of data taken on an 80 km length of TrueWave Minus® fiber installed in test arrange- 
ment 20 of FIG 2. This fiber exhibits a ZDW of approximately 1600nm and a dispersion slope of 0.08 ps/nmS-km. In 
this fiber, the dispersion at the pump wavelength of 1450nm is roughly -12 ps/nm-km. Shown in FIG. 3 is the on/off 
Raman gain spectra for peak gains ranging from ~15dB to 25dB. FIG. 4 contains a plot of the residual pump spectra 
55 captured by optical spectrum analyzer 30 (see FIG. 2). As shown, the dominant features in FIG. 4 are the residual 
pump at 1450nm and the ASE from the Raman gain generated near 1550nm. The effective noise figure spectra for 
various Raman gains (as captured by optical spectrum analyzer 32) are plotted in FIG. 5. The curves in all FIGs. 3-5 
are considered exemplary of the prior art. 
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[0019] FIGs. 6-8 contain plots of similar data taken on an 80km length of TrueWave Plus® fiber as installed in test 
arrangement 20 of FIG . 2. The 20km length of fiber closest to pump source 26 exhibits an average ZDW of approximately 
1500nm and a dispersion slope of 0.07 ps/nm 2 -km. In this fiber, the dispersion at the pump wavelength (1450nm) is 
roughly -3.5 ps/nm-km. FIG. 6 illustrates the on/off Raman gain spectra for peak gains ranging from ~15dB to 25dB, 

5 where these spectra are similar to those of a conventional prior art fiber system (see FIG. 3). As shown in FIG. 7, there 
is a significant increase in noise power near 1550nm in the residual pump spectra, as compared with the spectra of 
FIG. 4. This increase in noise is also clearly evident in the effective noise figure spectra plotted in FIG. 8 as compared 
to that of FIG. 5. The origin of this noise has been found to be four-wave mixing (FWM) among the pump wavelengths 
near 1450nm and counter-propagating Raman ASE near 1550nm. These FWM components are then amplified by the 

10 Raman gain and backscattered to propagate in the same direction as the signal. It has been found that FWM noise 
will occur in the signal band whenever the ZDW of the transmission fiber occurs at a frequency that is the average of 
the pump frequency and any frequency experiencing large Raman gain. Under these conditions, the dispersion of the 
transmission fiber serves to phase match the growth of the FWM components, allowing the noise components to grow 
to significant levels. In terms of wavelength, this corresponds to the zero dispersion wavelength equal to roughly the 

15 average of the pump wavelength and any wavelength experiencing large Raman gain. For the purposes of understand- 
ing the teaching of the present invention, this effect will be referred to as the "FWM effect". 

[0020] FIGs. 9-11 contain plots of data taken on an 80 km length of TrueWave Reduced Slope® fiber. The 20km 
length of fiber closest to pump source 26 exhibits a ZDW of approximately 1470nm and a dispersion slope of 0.047 
ps/nm 2 -km. In this fiber, the dispersion at the pump wavelength is roughly -1.0 ps/nm-km. As shown in FIG. 10, the 
20 "FWM effect" generates some noise components near 1490nm, but the power levels are substantially reduced when 
compared to the values in FIG. 7 (due to the much lower Raman gain). It is also to be noted that the pump spectrum 
experiences some broadening at very low power levels, presumably due to poorly phase matched FWM. For wave- 
lengths greater than 1500nm, no "excess" noise features are evident in either FIGS. 10 or 11. 

[0021] FIGs. 12-14 also contain plots of data taken on an 80 km length of TrueWave Reduced Slope® fiber, but in 

25 this case the 20km length of fiber closest to pump source 26 exhibits a ZDW of approximately 1428nm and a dispersion 
slope of 0.042 ps/nm^km. In this fiber, the dispersion at the pump wavelength is approximately 0.9 ps/nm-km. As 
shown, there is a dramatic difference in the plots of residual pump spectra at wavelengths greater than 1450nm when 
comparing the plot of FIG. 1 3 to that of FIG. 4. A relatively large continuum of noise extending from the pump wavelength 
through the ASE at 1550nm is also shown. There is also a peak generated at 1460nm, where this type of feature is 

30 indicative of modulation instability. It is assumed, in accordance with the present invention, that modulation instability 
plays a critical role in the continuum generation, given that the continuum is generated for a very low, positive value 
of D at the pump wavelength, as in FIG. 13, but not for a very low, negative value of D at the pump wavelength, as 
shown in FIG. 10. For the purposes of the present discussion, this effect will be referred to as the "continuum effect". 
It is to be noted that the large noise components generated by the pump at wavelengths less than 1530nm for peak 

35 gains of 23 and 25dB disturb the accurate measurements of the on/off gain under the same conditions as in FIG. 12. 
[0022] FIGs. 15 - 17 are associated with a 70km length of fiber, where the 25km closest to the pump source exhibits 
an average ZDW of approximately 1408nm and a dispersion slope of 0.39 ps/nm 2 -km. In this fiber, the dispersion at 
the pump wavelength is roughly 1 .6 ps/nm-km. As shown, with the higher dispersion at the pump wavelength, the 
continuum generation is reduced from the levels shown in FIGs. 12-14, where this is particularly evident in FIG. 17, 

40 as compared to the plots of FIG. 4. 

[0023] FIGs. 18-20 are associated with a 69km length of fiber, where the 15km closest to the pump source exhibits 
an average ZDW of approximately 1376nm and a dispersion slope of 0.037ps/nm 2 -km. In this fiber, the dispersion at 
the pump wavelength is roughly 2.7 ps/nm-km. With this higher dispersion at the pump wavelength, the continuum 
generation is reduced even further from the levels shown above in FIGs. 15-17. 

45 [0024] In FIGs. 21-25, a comparison is made between the effective noise figure curves of FIG. 5 (where the "FWM 
effect" and "continuum effect" are completely absent) and those of FIGs. 8, 11, 14, 17 and 20, respectively. The com- 
parison is made simply by subtracting the values in FIG. 5 from those in the above-referenced figures, and plotting the 
results (where, for example, FIG. 21 represents the difference between the values plotted in FIGs. 5 and 8). It is clear 
that the largest penalties can be attributed to the "FWM effect", where a peak penalty of 14dB is seen in FIG. 21 for a 

50 peak on/off gain of 25dB, and a substantial penalty (>1 dB) is observed for a peak on/off gain as low as 1 5dB. FIG. 22 
shows that no penalty could be measured at signal wavelengths greater than 1500nm for a 1450nm pump in a fiber 
with a ZDW of approximately 1470nm. FIG. 23 shows a substantial penalty induced by the "continuum effect" for the 
largest on/off gains, particularly for those wavelengths closest to the pump wavelength. FIGs. 24 and 25 illustrate that 
the penalty from the "continuum effect" is reduced as the dispersion at the pump wavelength is increased to larger 

55 values. 

[0025] Based on all of these findings, therefore, a parameter space for transmission fiber characteristics is defined 
in accordance with the present invention to reduce the presence of noise components associated with modulation 
instability and four-wave mixing. FIG. 26 illustrates a definition of this parameter space in terms of group-velocity 
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dispersion (D) as a function of wavelength (A). In accordance with the findings of the present invention, effects of 
modulation instability are reduced in a transmission system fiber by maintaining the fiber dispersion D to be either non- 
positive or greater than 1.5 ps/nm-km in the range of possible pump wavelengths. Referring to FIG. 26, the "range of 
possible pump wavelengths" (P), is denoted as ^ - A p2 , and the associated dispersion values to avoid is indicated 
by the darkened area labeled "D5" in the drawing. Further, at any signal wavelength (denoted by the range - Xs 2 
in FIG. 26), the magnitude of the dispersion D satisfies the either of the following inequalities: D2 < D < D1 ps/nm-km, 
or D4 < D < D3 ps/nm-km, where these limits are illustrated as regions D1, D2, D3 and D4 in the drawing. The finite 
dispersion limits denoted as D2 and D3 are necessary to suppress FWM of the signal wavelengths in a WDM system, 
as taught in the Chraplyvy et al. reference cited above. In general, and in accordance with the findings as discussed 
above, modulation instability will not occur if the dispersion value is negative at the pump wavelength. This can be 
seen by comparing the plot of FIG. 1 3 (for a fiber with a relatively low (0.9) positive dispersion at the pump wavelength) 
to the plots of FIGs. 7 and 10 (for fibers with negative dispersion at the pump wavelength). Alternatively, if the fiber 
dispersion at the pump wavelength is positive and greater than 1 .5 ps/nm-km, the frequency shift of the maximum gain 
will be reduced, narrowing the width of the pump-generated continuum. However, there are disadvantages in having 
too large a dispersion value at the signal wavelengths. In particular, large dispersion at these wavelengths requires 
dispersion compensation, which can be costly. While this last factor is not as critical as controlling the dispersion in 
the pump wavelength range, it will result in an improved overall system cost performance. Transmission fibers with 
dispersion less than (i.e., more negative) than D4 characteristically have effective areas that are smaller than are 
required for satisfactory system performance. 

[0026] In accordance with another aspect of the present invention, four-wave mixing (FWM) is reduced in a commu- 
nication system by ensuring that the zero-dispersion wavelength (ZDW) is not centered between the pump wavelength 
and a wavelength experiencing large Raman gain. The following relation defines this parameter space in terms of the 
zero-dispersion frequency of the transmission fiber (ZDF), where the range of frequencies to avoid forZDF is defined by: 



[^+^)~Au-j to [I(^ +Uimx ) + Iau + J, 

where v max is defined as the frequency of maximum Raman gain for a given monochromatic Raman pump of frequency 
v p , Av + is defined as the difference between the frequency (greater than v max ) where the gain coefficient is one-half of 
the maximum gain coefficient and v max , and A\r is defined as the difference between v max and the frequency (less than 
v max) where the gain coefficient is one-half of the maximum gain coefficient. The above relation is illustrated graphically 
in FIG. 27 and particularly shown as region letter "E w in FIGs. 26 and 27, indicating the particular area between the 
pump wavelength range and signal wavelength range that is to be avoided for the fiber ZDW. 

[0027] This constraint significantly reduces FWM by ensuring that none of products of four-wave mixing will lie in the 
signal wavelength range and thus be subjected to amplification along with the desired information signal. Another 
constraint on the design of practical optical fibers is that the effective area at the signal wavelengths must remain 
sufficiently large in order to suppress other non-linear effects. 

[0028] Taken together, the parameter spaced defined by limiting the range of acceptable dispersion values and fiber 
ZDW, as well as limits of the minimum effect area, results in defining fiber characteristics that, when implemented, will 
exhibit significantly reduced noise contributions from modulation instability and four-wave mixing. Different exemplary 
fibers, illustrating positive dispersion slope (denoted F1) and negative dispersion slope (denoted F2) are shown in FIG. 
26. Thus, by using either fiber F1 or F2 as a transmission fiber (or indeed, any other fiber that meets the defined 
parameter space), these noise components will be minimized. 

[0029] Although specific embodiments, including preferred wavelength ranges for both a pump and information sig- 
nal, have been discussed, it is to be understood that the subject matter of the present invention is limited only by the 
scope of the claims appended hereto. Moreover, it is to be understood that currently available optical fibers do not 
possess the claimed properties, since the effects of increased noise at signal wavelengths have not been understood 
and, additionally, fibers exhibiting the claimed properties would be difficult to manufacture. 

Claims 

1. An optical fiber for use in a Raman amplified optical transmission system, the transmission system comprising an 
information signal source for providing an input signal in a predetermined wavelength range of X^. \ 2 and utilizing 
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a Raman amplification pump in a predetermined wavelength range of X p1 - Ap 2 , said fiber exhibiting a predetermined 
group-velocity dispersion and zero-dispersion wavelength controlled to reduce noise components in the region of 
Raman amplification by maintaining said predetermined group-velocity dispersion to exhibit a value that is either 
non-positive or greater than 1.5ps/nm-km in the pump wavelength range X p1 - X p2 and maintaining said zero- 
5 dispersion frequency away from the average value of the pump frequency and the signal frequency. 

2. An optical fiber as defined in claim 1 wherein the optical fiber further comprises a group-velocity dispersion having 
a value bounded by -10 ps/nm-km and +10 ps/nm-km in the signal wavelength range 5^ 1 .A s2 . 

10 3. An optical fiber as defined in claim 1 wherein the pump wavelength range is defined as 1430 - 1465nm and the 
signal wavelength range is defined as 1530 - 1565nm. 

4. An optical fiber as defined in claim 1 wherein the pump wavelength range is defined as 1465 - 151 Onm and the 
signal wavelength range is defined as 1565 - 161 Onm, 

15 

5. An optical fiber as defined in claim 1 wherein the pump wavelength range is defined as 1430 - 1510nm and the 
signal wavelength range is defined as 1530 - 1610nm. 

6. An optical fiber for use in a Raman amplified optical transmission system, the transmission system comprising an 
20 information signal source for providing an input signal in a predetermined wavelength range of X^. Xg 2 and utilizing 

a Raman amplification pump in a predetermined wavelength range of X p1 - Xp 2 , said fiber exhibiting a predetermined 
group-velocity dispersion controlled to reduce noise components in the region of Raman amplification by main- 
taining said predetermined group-velocity dispersion to exhibit a value that is either non-positive or greater than 
1 .5ps/nm-km in the pump wavelength range Xp<|-Xp2. 

25 

7. An optical fiber as defined in claim 6 wherein the optical fiber further comprises a group-veiocity dispersion having 
a value bounded by -10 ps/nm-km and +10 ps/nm-km in the signal wavelength range X s1 .X s2 - 

8. An optical fiber for use in a Raman amplified optical transmission system, the transmission system comprising an 
30 information signal source for providing an input signal in a predetermined wavelength range of X s1 . Xg 2 and utilizing 

a Raman amplification pump in a predetermined wavelength range of X p1 -Xp 2 , said fiber exhibiting a predetermined 
zero-dispersion wavelength controlled to reduce four-wave mixing noise components in the region of Raman am- 
plification by maintaining said zero-dispersion frequency away from the average value of the pump frequency and 
the signal frequency. 
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9. A Raman amplified optical transmission system comprising: 



an information signal source for providing an input signal in a predetermined wavelength range of X s1 . X s2 ; 
an optical transmission fiber coupled to the output of the information signal source to provide for transmission 

*o of the optical signal to a predetermined location; and 

a Raman amplification pump coupled to said optical transmission fiber in a manner so as to generate Raman 
amplification of said input signal in said optical transmission fiber, said Raman pump source supplying a pump 
wave in a predetermined wavelength range of ^ - X p2 , wherein said fiber exhibits a predetermined group- 
velocity dispersion and zero-dispersion wavelength controlled to reduce noise components in the region of 

45 Raman amplification by maintaining said predetermined group-velocity dispersion to exhibit a value that is 

either non-positive or greater than 1 .5ps/nm-km in the pump wavelength range X p1 - Xp 2 and maintaining said 
zero-dispersion frequency away from the average value of the pump frequency and the signal frequency. 

i 

10. A Raman amplified optical transmission system as defined in claim 9 wherein the transmission fiber further com- 
50 prises a group-velocity dispersion having a value bounded by -10 ps/nm-km and +10 ps/nm-km in the signal wave- 
length range -A^ 2 . 

1 1 . A Raman amplified optical transmission system as defined in claim 9 wherein the pump wavelength range is defined 
as 1430 - 1465nm and the signal wavelength range is defined as 1530 - 1565nm. 

55 

1 2. A Raman amplified optical transmission system as defined in claim 9 wherein the pump wavelength range is defined 
as 1465 - 1510nm and the signal wavelength range is defined as 1565 - 1610nm, 
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1 3. A Raman amplified optical transmission system as defined in claim 9 wherein the pump wavelength range is defined 
as 1430 - 1510nm and the signal wavelength range is defined as 1530 - 1610nm. 

14. A Raman amplified optical transmission system comprising 

5 

an information signal source for providing an input signal in a predetermined wavelength range of X s1 . X s2 ; 
an optical transmission fiber coupled to the output of the information signal source to provide for transmission 
of the optical signal to a predetermined location; and 

a Raman amplification pump coupled to said optical transmission fiber in a manner so as to generate Raman 
10 amplification of said input signal in said optical transmission fiber, said Raman pump source supplying a pump 

wave in a predetermined wavelength range of A p1 - Xp 2 , wherein said fiber exhibits a predetermined group- 
velocity dispersion controlled to reduce noise components in the region of Raman amplification by maintaining 
said predetermined group-velocity dispersion to exhibit a value that is either non-positive or greater than 1 .5ps/ 
nm-km in the pump wavelength range - X p2 . 

15 

15. A Raman amplified optical transmission system as defined in claim 14 wherein the transmission fiber further com- 
prises a group-velocity dispersion having a value bounded by -1 0 ps/nm-km and +10 ps/nm-km in the signal wave- 
length range . -7^ 2 - 

20 16. A Raman amplified optical transmission system comprising: 

an information signal source for providing an input signal in a predetermined wavelength range of X^- X^; 
an optical transmission fiber coupled to the output of the information signal source to provide for transmission 
of the optical signal to a predetermined location; and 

25 a Raman amplification pump source coupled to said optical transmission fiber in a manner so as to generate 

Raman amplification of said input signal in said optical transmission fiber, said Raman pump source supplying 
a pump wave irr a predetermined wavelength range of X p1 - Xp 2 , wherein said fiber exhibits a predetermined 
zero-dispersion wavelength controlled to reduce four-wave mixing noise components in the region of Raman 
amplification by maintaining said zero-dispersion frequency away from the average value of the" pump fre- 

30 quency and the signal frequency. 
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